The nitration of 4,7-dibromo-2,1,3-benzothiadiazole was modified by using CF 3 SO 3 H and HNO 3 as the nitrating agent, and the related yield was improved greatly. On the basis of this improvement, two new small band gap polymers, P1TPQ and P3TPQ, were developed. Bulk heterojunction solar cells based on P3TPQ and [6,6]-phenyl-C 71 -butyric acid methyl ester exhibit interesting results with a power conversion efficiency of 2.1% and photoresponse up to 1.1 µm.
Great progress has been achieved in the performance of polymer solar cells, 1 especially after the introduction of the bulk heterojunctions (BHJ) concept 2 with conjugated polymers as electron donors and fullerene analogues, such as [6, 6] -phenyl-C 61 -butyric acid methyl ester ([60]PCBM) or [6, 6] -phenyl-C 71 -butyric acid methyl ester ([70]PCBM), as electron acceptors.
1 Yet, the commercialization of polymer solar cells is mainly limited by low-power conversion efficiencies (PCEs). One of the main reasons for the limited PCEs is the mismatch between the absorption spectra of polymers and the solar irradiation.
1 High band gap polymers allow only a small fraction of the solar irradiation to be utilized. The development of small band gap polymers is critical to harvest more solar irradiation. An effective strategy is the combination of electron-rich and electron-deficient units to form alternating donor-acceptor structures, which are widely used to obtain small band gap polymers. 1, 3 Recently, 4,7-dibromo-5, 6- quinoxalines, which are highly electron-deficient units used for achieving small band gap polymers for solar cells, 4 along with developing small molecules for near-infrared (NIR) applications. 5 However, the widely used method for preparing 2 developed by Uno et al. 6 was marred by very low yields (20-30%). 4, 5 We have now developed a more efficient method of preparing 2 by using nitronium trifluoromethanesulfonate (NTMS) as a nitrating agent. By taking advantage of the improved yield of 2, two new small band gap polymers were developed, and their photophysical, electrochemical, and photovoltaic properties were investigated.
The synthetic routes toward the two monomers are depicted in Scheme 1. As previously reported, 4,6 the nitration of 4,7-dibromo-2,1,3-benzothiadiazole (1) was carried out in a mixture of fuming H 2 SO 4 and fuming HNO 3 . The yield of 2 was however very low. The main byproduct was the mononitro compound, and the purification of the product mixture by chromatography was quite difficult. 6 NTMS was shown to have excellent nitrating properties especially for the nitration of toluene. 7 Thus, the nitration of 1 with NTMS as nitrating agent was carried out as follows: NTMS was obtained by mixing fuming HNO 3 with fuming CF 3 SO 3 H carefully at 0°C, and then 1 was added into the mixture. First, the mixture was stirred at 0°C for 5 h, then thin layer chromatography (TLC) showed only a small portion of 1 turned to 2. The reaction temperature was increased to room temperature and stirred overnight, but TLC still showed that a lot of 1 was left unreacted. Finally, the reaction temperature was increased to 50°C, and after 12 h, TLC showed that 1 was completely converted. The pure 2 was obtained with a high yield of 85% after simple purification by recrystallization from ethanol, which is much simpler compared to the previously reported method. 6 Compound 2 was reduced with zinc in glacial acetic acid and several drops of water 4b to yield the tetraamine 3, which was condensed with diketone 4 immediately since the tetraamine is not so stable. Monomer 5 was obtained in moderate yield and was then combined with tributylstannyl thiophene to yield 6, followed by bromination with N-bromosuccinimide to yield monomer 7 in high yield. As shown in Scheme 2, the polymerization of 5 and 7 with 2,5-bis(trimethylstannyl)thiophene (8) via Stille coupling reaction with Pd 2 (dba) 3 and P(o-Tol) 3 as catalyst resulted in the green polymers P1TPQ and P3TPQ, respectively. Both polymers exhibited quite high molecular weights with M n ) 75 000 and M w ) 208 000 for P1TPQ and M n ) 100 000 and M w ) 537 000 for P3TPQ. High molecular weights proved to be favorable to achieve better morphology and higher PCE of the resulting polymer solar cells. 8 The absorption spectra of the two polymers in chloroform solution and in film are plotted in Figure 1 . The optical bandgaps (E g ), defined by the onset of the absorption spectra of the films, are 1.2 eV for P1TPQ and 1.1 eV for P3TPQ, which demonstrate the two polymers to be rather small band gap polymers. Unlike the absorption maximum (λ max ) of a similar polymer PTBEHBQ reported by Zoombelt et al. that showed a small blue shift when going from solution to the solid state, 9 the λ max at long wavelength of P3TPQ showed a quite large red shift of ca. 90 nm and an increase in intensity. This phenomenon indicates good intermolecular ordering (π-stacking/aggregates) in the solid state, which should benefit charge transport, and then higher performance can be expected in the resulting polymer solar cells.
To investigate if the HOMO and LUMO levels of the polymers match well with the acceptors [60]PCBM or [70]PCBM, the electrochemical behaviors of all the materials were measured under the same conditions by square wave voltammetry (SWV). 10 The HOMO and LUMO levels determined from oxidation and reduction peaks are -5.73 and -3.96 eV, respectively, for P1TPQ. The corresponding values for P3TPQ are -5.64 and -3.90 eV, respectively. As shown in Figure S13 (Supporting Information), the reduction potentials of the two polymers are quite close to that of [60]PCBM, with an offset of 0.1-0.2 V, which indicates that the electron transfer between polymers and [60]PCBM may not be so effective since it is generally considered that a minimum offset of ∼0.3-0.4 eV between LUMO levels of electron donor and acceptor is necessary for efficient electron transfer.
11
Bulk heterojunction solar cells were fabricated from P1TPQ and P3TPQ with a device architecture of glass/ITO/ PEDOT:PSS/active layer/LiF/Al. As summarized in Table  1 , the device results from the blends of polymers/[60]PCBM (optimized ratio is 1:3 for both polymers) in chloroform solution are not great with maximum PCE of 0.3% for P1TPQ and 0.9% for P3TPQ. The low short-circuit current density (J sc ) can be partially attributed to the insufficient driving force for charge separation mentioned above.
[70]PCBM has similar electronic properties to [60]PCBM but a considerably higher absorption coefficient in the visible region because of its asymmetric chemical structure. ). Low V oc is one of drawbacks for small band gap polymers. It is worth noting that the V oc of 0.52 V is rather high for a polymer with a band gap as small as 1.1 eV. The V oc has achieved the upper limit of its theoretical value according to the empirical formula eV oc ) E g -0.6 eV. 13 Compared to the J sc (3.5 mA cm The morphology of the active layer is very important for BHJ polymer solar cells and can influence charge separation and transport. 15 To gain insight into the morphology of the active layer, atomic force microscopy (AFM) was used. As shown in Figure 3, In conclusion, the preparation of 2, which is the key compound for achieving strong acceptors, was modified by using the mixture of fuming HNO 3 and fuming CF 3 SO 3 H as the nitrating agent. The great improvement in yield (from 30 to 85%) makes the important imtermediate compound 2 readily available. Accordingly, two new small band gap polymers P1TPQ and P3TPQ were synthesized with high molecular weights. P3TPQ showed interesting photovoltaic properties with V oc of 0.52 V, PCE over 2%, and a photoresponse up to 1.1 µm in BHJ polymer solar cells. This work will be of importance in guiding the design and development of very small band gap polymers for polymer solar cells and NIR detectors. 
